potentials. Finally, an understanding of the role of NK cells in the field of embryonic stem cells and their progenitor transplantation is developing. Currently, NK cells are considered a key player in the alloimmune and anti-infectious responses after SOT and transplanted tissues.
Introduction
In the absence of immunosuppression, transplanted solid organs are rejected by mechanisms that involve innate and adaptative immunity.
The presentation of donor antigens by recipient and donor antigen-presenting cells (APCs) induces activation and proliferation of specific alloreactive T cells in the lymph nodes. Alloreactive T cells eventually migrate to destroy the engrafted tissue. Proinflammatory cytokines like interferon (IFN)-␥ or tumor necrosis factor (TNF)-␣ are very important to mature APCs and activated T cells. Inflammation also helps cytotoxic T cells to destroy the graft. Thanks to immunosuppression, T cells are strongly inhibited, although it is not sufficient to prevent the progressive loss of function of the graft, and survival of the transplanted organ remains limited compared to a native organ. The cells of the innate immune system have now been accepted as an important player in the mechanisms of acute and chronic rejections by being the pro- ducer of cytokines leading to inflammation and tissue injury [1] . Natural killer (NK) cells are of special interest because, in addition to cytokine production, NK cells can directly target the transplanted tissue through the balance of activating and inhibitory receptors and their ligands expressed or not expressed by the graft. In the 1980s, Kärre et al. [2] observed that tumoral cells not expressing the major histocompatibility complex class I (MHC-I) were killed preferentially by NK cells. This led to the hypothesis of the 'missing self', according to which NK cells detect MHC-I (the self) on the cell surface and kill those cells not or weakly expressing MHC-I. The discovery of inhibitory killer cell immunoglobulin-like receptors (KIRs) that bind to MHC-I antigens sustains the molecular base of their hypothesis. In solid organ transplantation (SOT), the inhibitory KIRs expressed by NK cells can bind to the corresponding MHC-I expressed by the graft which prevents NK cell activation. Absence of the cognate MHC-I ligand induces a 'missing self situation' and activated NK cells target the graft.
Based on depletion strategies, previous rodent models of organ and tissue transplantation did not convincingly attribute a significant role to NK cells in rejection. However, more recent studies demonstrate that NK cells become activated early after organ transplantation and can contribute to the cell-mediated alloresponse and acute rejection process [3, 4] . In human SOT, an understanding of the role of NK cells is developing, with a limited number of studies addressing the question. This is the main focus of this review.
NK Cell Receptors and Their Ligands in Organ Transplantation
NK cells express a large variety of activating and inhibitory receptors that are of interest in the context of SOT. Most of the inhibitory receptors belong to the KIR family which binds to the locus B and C of MHC-I expressed by the transplanted organ or tissue. The KIR2DL1 receptor binds to different human leukocyte antigen (HLA)-C antigens included in group 2 (like HLA-Cw2, HLA-Cw4, HLA-Cw6 and HLA-Cw15, with a lysine at position 80 of their amino acid sequence). KIR2DL2 and KIR2DL3 bind to HLA-C antigens of group 1 (like HLA-C1, HLA-C3, HLA-C7 and HLA-C8, with an asparagine at position 80 of their amino acid sequence). KIR3DL1 binds to HLA-B antigen included in the Bw4 group. HLA class I antigens being expressed constitutively in every cell of the graft, KIRs of the patients and HLAs of the donors are susceptible to induce NK cell alloreactivity. Of note, the HLA-C typing is not routinely performed in SOT, explaining the limited number of studies on KIR/ HLA.
Other NK cell ligands expressed by the graft could be of interested in the context of NK cell activity. The NKG2 family which are type II membrane glycoproteins such as C-type lectins includes NKG2A and NKG2C that bind to HLA-E and are expressed as heterodimeric forms with the invariant polypeptide CD94. Under normal circumstances, expression of the HLA-E molecule is found in most tissues that express HLA-A, HLA-B, HLA-C or HLA-G molecules including engrafted tissue [5] .
NKG2D is an activating receptor that binds to MHC-I-related chain A (MICA) and MICB proteins, as well as to UL16-binding protein (ULBP) molecules. Interestingly, MICA/B and ULBP1, ULBP2 and ULBP3, ligands of NKG2D, are weakly expressed but can be induced following infection or inflammation which are frequent after transplantation and can play a significant role in NK cell alloreactivity. Activating receptors also include the natural cytotoxicity receptors (NCR1, NCR2, NCR3 also called 'NKp46, NKp44 and NKp30', respectively) which belong to the immunoglobulin superfamily and are very specific to NK cells. NCRs whose ligands are not well characterized could also be of interest in the context of allogeneic transplantation [6] [7] [8] [9] [10] [11] .
Mechanisms of NK Cell Alloreactivity
Alloreactivity mediated by NK cells differs from that mediated by T cells. The NK cell receptors are germline encoded and, as far as we know, HLA-C or Bw4 ligands do not present specific peptides to KIRs. Alloreactivity is based on the absence of an inhibitory signal due to low or no ligand expression or to ligand mismatch with regard to the KIR/MHC status. The influence of the KIR/HLA genotype has been first demonstrated in the context of allogeneic stem cell transplantation (SCT). In mice models [12, 13] and in human SCTs where a KIR/HLA mismatch reduces the risk of tumor recurrence in patients with acute myelogenous leukemia, it improves the engraftment and protects against a graft-versus-host disease [12, 14] . NK cell alloreactivity is mainly observed for haploidentical transplantations and mismatched unrelated SCTs [12, [15] [16] [17] . However, these data remain controversial and the beneficial effect of alloreactive NK cells during SCT is not confirmed by others [18, 19] .
The 13 genes coding for KIR are expressed in various subpopulations of NK cells, making the one individual NK cell population very heterogeneous [6, 20] . These genes are expressed in a stochastic way recovering all NK cell subtypes. Consequently, no NK cell expresses all genes coding for KIR present in an individual genome but can express 0-4 of these genes. The result is a diversity of NK cells having a unique KIR repertoire which could have significant influence on the level of alloreactivity.
Therefore, alloreactivity against the transplanted tissue will depend on a fine-tuned balance between activating and inhibitory receptors, i.e. KIRs, C-type lectins and the NCR family and the expression of ligands on the transplanted tissue, but also on the NK cell subpopulations that have different alloreactivity potentials. Their cytotoxic activity is mainly mediated by perforin-granzyme as well as by FasL, leading to the destruction of the engrafted tissue.
The mechanism of NK cell alloreactivity is also mediated by an indirect pathway, i.e. through the production of proinflammatory cytokines. The secretion of IFN-␥ and TNF-␣ by NK cells is likely to induce and upregulate the expression of MHC molecules and costimulatory receptors on APCs, thus promoting the maturation efficacy of professional APCs (dendritic cells and B cells) and presumably nonprofessional APCs (endothelial cells) [21] which enhance direct and indirect alloresponses by T cells. NK cells can also kill Foxp3+ regulatory T cells, depending on the activation status of NK cells [18, 19] .
NK Cells and Regulatory Function in Transplantation
In addition to NK cell cytotoxicity and proinflammatory cytokine production, subsets of NK cells have immunoregulatory functions. NK cells interact with various components of the immune system, and therefore, have the potential to function as regulatory cells. While NK cells can assist in APC maturation and T-cell polarization, increasing evidence indicates that NK cells can also prevent and limit adaptive (auto-/allo-) immune responses via killing of autologous myeloid and lymphoid cells. There is evidence that NK cell cytotoxicity to recipient APCs is important in preventing allogeneic responses of T-specific cells in lymph nodes [22] . Secretion of anti-inflammatory cytokines like transforming growth factor (TGF)-␤ or interleukin (IL)-10 has been detected in subtypes of NK cells. In a mouse model, production of IL-10 in response to visceral leishmaniasis infection demonstrates clear regulatory roles for NK cells in systemic inflammation. In human patients chronically infected by hepatitis C virus, NK cells produced IL-10 in addition to IFN-␥ [23] . Recent data suggest that the NK cell regulatory mechanism could also be mediated by the secretion of TGF-␤ by regulatory T cells that inhibited the expression of cytotoxic molecules like CD16, granzymes and by downregulation of the C-type lectin-activating receptor NKG2D [24] .
Most of the NK cell regulatory functions have been documented preclinically in different murine models of infection and tumor and can potentially apply to SOT.
NK Cells and SOT
In previous experiments using the NK cell depletion strategy in animal models of transplantation, the absence of NK cells does not significantly modify the rejection of transplanted organs like the heart or liver [25, 26] . More recently, NK cells have been shown to be crucial for graft survival. CD28-deficient mice readily reject an MHC mismatched heart allograft; in this model, rejection can be prevented by depletion of host NK cells [27] . Rag knockout mice lacking T and B cells could reject skin allografts upon activation of NK cells exposed to IL-15 [28] . Currently, there is no doubt that NK cells can contribute to acute and chronic allograft rejection in rodent models [21, 29, 30] .
In human SOT, the exploration of NK cells is much more limited. The presence of NK cells in kidney biopsy of acute cellular rejection is rare, but recent data have demonstrated that NK cells and macrophages are selectively increased in peritubular capillaries of kidney biopsies following antibody-mediated rejection situations [31] . The absence of strong evidence for the presence of NK cells in the graft does not rule out the participation of NK cells in the alloimmune reaction because a large part of NK cell activity could take place in the lymph nodes.
Analysis of the recipient's KIR typing and the MHC-I ligands of the donor has been performed in the context of liver and kidney transplantation. The absence of inhibition with the presence of an activating receptor induces the killing of the allogeneic tissue. The combination of activating or inhibitory KIRs defined by A or B haplotype and the expression of their cognate MHC ligands can theoretically lead to alloreactivity potential against the graft ( fig. 1 ) . Recent publications have shown a correlation between specific KIR/HLA-C and graft survival in kidney and liver transplantation [32, 33] . However, these data were not systematically retrieved [34, 35] . The opposing conclusions by these groups could be explained by the difference in the design of the cohorts and the quality of KIR/HLA typing, also highlighting the complexity of the HLA-NK cell interactions as well as the pitfalls of the studies based on genetic polymorphisms.
In addition, the MHC genotype of the recipient (self-MHC, not represented in fig. 1 ) could be important in order to reach functional maturity of the NK cells. This requirement for self-MHC-specific KIR has been termed 'licensing' [36] . A patient with NK cells licensed for KIR2DL2/3 may not benefit from receiving an organ from a donor with HLA-C specific to KIR2DL1. The licensing of NK cells depends on KIR/HLA-C specificity, which itself can vary widely among populations. Therefore, the model can be much more complex in predicting the KIR-HLA alloreactivity against the transplanted organ.
Although NK cells in peripheral blood account for 10-15% of lymphocytes, hepatic NK cells comprise 30-40% of all lymphocytes present in the normal adult liver. A study on NK cells from liver grafts (NK cells of donor origin) has demonstrated that hepatic NK cells are enriched for CD56 bright cells, which represent about 50% of the total liver NK cell population. The NK cells from the donor mix with the recirculating pool of recipient NK cells for approximately 2 weeks. This CD56 bright population was characterized by a high activation state and killed K562 target cells more efficiently than blood NK cells. These data suggest that upon encounter with the recipient immune system, either within the graft or in recipient tissues, NK cells may inhibit the recipient's response to the liver graft by killing recipient APCs or T cells [37] .
Lung transplantation is also of interest because intragraft NK cells can be studied in bronchoalveolar lavage. After lung transplantation, NK cells in bronchoalveolar lavage are shown to have a greater proportion of CD56 bright cells, expressing less KIRs, and demonstrated an activated phenotype. In clinically stable recipients, peripheral blood NK cells were not activated; however, this contrasted markedly with a small subset of patients experiencing acute allograft rejection whose NK cells demonstrated a more activated profile (high expression of CD25, LAMP-1, HLA-DR and Nkp44) [38] . The influence of immunosuppressive drugs on NK cell reactivity is of great importance in SOT. Due to distinct experimental designs, in vitro studies have shown contradictory results with respect to the functional activity of NK cells after treatment. Two historical studies conducted in vitro revealed the inhibition of NK cell cytotoxicity on target cells in the presence of cyclosporin A, but only after treating cells with drugs for 6 8 h [39] . A third study found cyclosporine A to have no effect [40] . More recently, cyclosporine A was shown to increase cytotoxicity, an effect attributed to an alteration in levels of NK receptor expression [41] . In a rat model of liver transplantation, cyclosporine A and tacrolimus spared NK cells. This suggests that NK cells might continue to eliminate virally infected or transformed cells in transplanted patients. In contrast, proliferation and function of NK cells were diminished by rapamycin [42] . Recent data suggest that calcineurin inhibitors enhance NK functions -or at least have no inhibitory activity on NK cells, in contrast to T cells [43] .
In vivo, NK innate immune effector cells and their cytotoxicity were preserved to a greater extent in a regimen of tacrolimus and mycophenolate mofetil than they were with cyclosporine A and azathioprine 12 months after kidney transplantation [44] . We recently demonstrated that even in the presence of polyclonal anti-thymoglobuline antibody that depleted T and NK cells transiently, the NK cell function is preserve after kidney transplantation. The importance of NK cell subpopulations expressing different numbers of KIRs and C-type lectins demonstrated the interest to study not only the genotype but also the phenotype of NK cell receptors after SOT [45] .
NK Cells and Virus after SOT
Cytomegalovirus (CMV) reactivation is a major problem after kidney transplantation, and recent data suggested an important role of NK cells in the control of viral infection/reactivation in immunosuppressed patients. We reported an extensive study comparing the genotype of KIR genes and their MHC cognate ligands with the rate of CMV infection in kidney transplant recipients [46] . The recipients with a strong activating profile [i.e. absence of HLA-C ligand to inhibitory KIR (missing KIR ligand) and/or the presence of numerous activating KIR genes] were both associated with a lower rate of CMV infection in the first months after transplantation. During this period of time, immunosuppression was high, leading to a high risk of severe CMV infection/reactivation. In addition, during active CMV infection, the secretion of NK cell IFN-␥ was strongly reduced [46] . In liver transplantation for hepatitis-C-associated cirrhosis, the reactivation of the virus is a major problem. Recent data on a small cohort of patients suggest that the presence of KIR2DL3 in the recipient correlates with the progression to liver fibrosis. The mismatching of the HLA-KIR ligand favors the progression of recurrent hepatitis to fibrosis only in the presence of KIR2DL3. However, due to the small number of patients and multiple testing, the relevance of the results should be confirmed in a larger cohort. [47] . According to the biology of NK cells and KIRs which do not recognize specific antigens in the HLA-C ligand, it is questionable if a distinct KIR could be significantly relevant. Current data mainly suggest that the global activation/inhibitory state of the NK cells is associated with a reduction in the severity of the viral disease.
NK Cells and Embryonic or Adult SCT
Any tissue transplanted in a genetically unrelated individual would be subject to rejection by T cells without immunosuppression. As mentioned above, the role of NK cells with regard to the HLA/KIR status of the recipients/ tissue could have a significant impact on the mechanism of rejection. The enormous promise of stem cells to make tissues for medical therapies should be treated cautiously due to potential immune hurdles. Embryonic stem cells (ESCs) and their progenitors or mature cells derived from unrelated individuals are prone to rejection. The absence or low expression of MHC-I molecules at the cell surface of ESCs or ESC-derived cells is a potential risk, although nonexclusive, for NK cell cytotoxicity. Because most NK cell receptors that bind MHC ligands have an inhibitory function, the absence or weak expression of the classical MHC-I or nonclassical HLA-E, HLA-G or MICA in ESCs made such cells good targets for NK cell killing. However, a previous study demonstrated that irrespective of the differentiation status of the cells and the expression levels of MHC-I in vitro, ESCs were not killed by NK cells, even if the inhibitory molecules HLA-G were expressed [48] . Therefore, it has been suggested that ESCs were not killed by NK cells because of a lack of recognition, but rather because of inhibition [48] . Recent data demonstrated that neuronal precursor cells derived from ESCs were strong-ly killed by NK cells by a mechanism that is MHC-I independent involving ligands of NKG2D, MICA/B and ULBP1, ULBP2 and ULBP3 [49] . Therefore, the potential of allogeneic stem cell therapy in transplantation should be tempered by immune reactivity mediated by T cells and NK cells.
Conclusion
After years of relative neglect in the field of SOT and tissue transplantation, NK cells are being recognized as active participants of the immune response against SOT or tissue transplantation by direct or indirect interaction ( fig. 2 ) . Immunosuppressive drugs appear to have a modest effect on NK cells which reinforce their role in the mechanism of rejection and as a key player of immune defense. Following allorecognition, activated NK cells acquire cytolytic effector functions and release a series of proinflammatory cytokines including IFN-␥ and TNF-␣ , and thus, develop the potential of contributing to the rejection of the solid organ allograft directly and/or indirectly by enhancing Th1-adaptive alloimmunity. NK cells appear to promote the acceptance of the allograft by killing donor professional APCs and by secreting immunoregulatory IL-10 cytokine, thereby leading to activation of Th2 and/or regulatory T-cell responses. The antiviral activity of NK cells is of huge importance in the context of T-cell inhibition where the balance of activating and inhibitory receptors and their ligands seems to play a critical role. Interestingly, a recent study suggests that an NK cell subpopulation may have longlived memory when exposed to viral-infected cells [50] ; it would be of major interest to investigate a similar phenotype with regard to alloreactivity against the graft.
While much work remains to be done in this emerging area of transplantation research, these recent findings suggest that manipulations of NK cells in humans may improve the long-term outcome for organ and tissue transplant patients. 
